S
tressors during pregnancy, such as traumatic events, low socioeconomic status, and depression and anxiety, are associated with poorer obstetric and infant outcomes, including increased risk of preterm birth (1), delayed early cognitive development (2) , changes in brain structure and connectivity (3), behavioral and motor differences during early childhood and psychological disorders into adulthood (4) . The mechanism by which stressors affect infant development, however, is not yet established, but may involve changes in hormone regulation and gene expression in the placenta. The placenta regulates the fetal environment through a variety of functions, ranging from nutrient transport (5) and control of growth factors to hormone signaling (2, 6) . Alterations to these functions can potentially impact the course of pregnancy and have short-and longterm impacts on offspring health.
To date, studies of the placenta in mediating the effect of prenatal psychosocial stressors on infant health have focused on the hypothalamic-pituitary-adrenal (HPA) axis pathway and the genes involved in cortisol regulation and response (4, 7) . However, other non-neurological outcomes of prenatal stress, such as decreased growth, increased risk of obstetric complications, and differences in placental architecture (2, 8) , are likely impacted outside of this pathway. In particular, the lower birth weight, slower weight gain and reduced fetal head circumference growth (3, 9) seen among infants of mothers with depression and anxiety are of concern, given both the prevalence of these disorders prenatally-up to 23% of women will experience depression during pregnancy (10) , and between 15 and 35% will experience anxiety (3), with up to 75% of women experiencing some form of stress during pregnancy (4)-and the link between birth weight and longterm health outcomes. Infants with lower birth weight have been found to have increased risk of type II diabetes (11) , cardiovascular disease (12) , and mortality (12) (13) (14) , as well as increased risk of psychiatric disorders (15) . Identifying the mechanism by which maternal depression and anxiety affect infant growth outcomes, outside of neurodevelopment, is essential in developing treatments and potentially mediating the effects of prenatal stressors.
Birth weight is partially determined by the placenta, particularly through its regulation of growth and nutrient transport from the mother to the fetus. These functions are controlled in part by a group of epigenetically regulated, monoallelically expressed genes, imprinted genes (16) , which have been found to be highly sensitive to stressors during pregnancy, including exposure to maternal smoking, maternal diet, and other environmental exposures (17) . These genes have also been found to be related to neurobehavioral outcomes (18) , indicating a possible mechanism by which maternal stress may also be impacting neurodevelopment. A comprehensive look at the expression of all known or putative imprinted genes in the placenta has not yet been undertaken and would provide insight into how the placenta responds to and accommodates maternal stressors. In addition, these genes may suggest new mechanisms for neurological and HPA axis development.
In this study, we examined the expression levels of 108 known or putatively imprinted genes in placenta samples from newborns born to mothers enrolled in the Rhode Island Children's Health Study diagnosed with depression and/or anxiety during pregnancy in comparison with control mothers to identify genes that may be related to the placental response to stressors during pregnancy. We also used the Neonatal Intensive Care Unit Network Neurodevelopmental Scales (NNNS) scores and infant birth weights and head circumference to evaluate the relationship between expression of these genes and infant neurodevelopment and fetal growth.
METHODS

Study Population
Study participants consisted of mother-infant pairs enrolled in Rhode Island Children's Health Study who were recruited from 1 Septermber 2009 to 7 August 2013, at the Women and Infants Hospital of Rhode Island (Providence, RI). Mothers of term infants (≥37 weeks gestational age) born large for gestational age (LGA) or small for gestational age (SGA) (≥90th percentile, LGA; ≤ 10th percentile, SGA) were recruited. Each mother-infant pair was then matched on infant sex, gestational age (±3 days), and maternal age (±2 years) to a pair with a term infant born appropriate for gestational age (AGA). Infants born with life-threatening conditions or congenital or chromosomal abnormalities and non-singleton births were excluded from the study. Women completed an interviewer-based questionnaire to provide demographic and medical history, and obstetric medical chart review provided obstetric and infant outcomes such as birth weight, gestational age, and depression and anxiety/obsessive compulsive disorder (OCD)/ panic history.
Neurodevelopmental status was evaluated as previously described (19) , using the NNNS between 24 h after birth and hospital discharge (20, 21) . All participants provided written informed consent and the study was approved by the Institutional Review Boards at Women and Infants Hospital and Emory University.
Placenta Collection, RNA Extraction and Gene Expression Profiling Placental collection, RNA extraction, and probe selection and design, normalization, and Nanostring detection methodology have previously been described (22) . Median expression levels of Nanostring measures were compared with whole transcriptome RNAseq analysis for 80 genes for a subset of samples with this data available (23) , with a high degree of correlation between the two measures (average Spearman's ρ = 0.76). After normalization, we removed genes with samples below the background threshold of detection-defined as 2 SDs above the mean of the negative controls-resulting in 676 samples with count data on 108 genes. Fifteen additional samples were removed due to having more than 10 genes with expression outside the 3 SD of the mean, leaving 661 samples for cohort selection.
Cohort Selection
From the 661 samples with imprinting data that met quality control standards, 56 were removed due to early survey format, which was missing several required questions, or having been selected for biomarker analysis using different inclusion criteria from the majority of the samples (Figure 1 ). Two were removed due to missing body mass index (BMI) data and one for recreational drug use during pregnancy, leaving 602 samples. Data were complete on all variables to be included in the models except maternal smoking before pregnancy, for which missing values were recoded as missing. Maternal depression and anxiety status was evaluated using four components of the medical chart review: depression history, anxiety/ OCD/panic history, depression during pregnancy, and anxiety/OCD/ panic during pregnancy. Twelve participants were excluded due to missing data on these questions. Five participants were excluded due to a history of either depression or anxiety/OCD/panic, but no symptoms during pregnancy. Women were considered to be taking a psychiatric medication if they self-reported taking any form of medication used to treat anxiety or depression on the interviewerbased questionnaire. Four women were excluded who reported taking a medication for anxiety, but who did not have a diagnosis in their medical record, leaving a final cohort of 581 samples.
Five case groups were created. The depression group consisted of all women who had both a history of depression and depression during pregnancy (n = 89). Similarly, the anxiety group consisted of women with anxiety/OCD/panic before and during pregnancy (n = 88). The depression/anxiety group (n = 54) consisted of those in both the depression and anxiety groups; they had positive answers to having had both depression and anxiety/OCD/panic history and during pregnancy. Of those with either or both diagnoses (n = 123), 29 reported taking a psychiatric medication during pregnancy, forming the medication subgroup. Within this subgroup, 19 women were exclusively taking a selective serotonin reuptake inhibitor (SSRI), creating the SSRI subgroup. The control group consisted of 458 women with no depression or anxiety/OCD/panic during or before pregnancy.
Gene Expression Analysis
All analyses and normalizations were performed using R 3.4.0. Gene expression between each of the main three case groups-those with depression, those with anxiety, and those with depression and anxiety-and controls was evaluated separately, using an empirical Bayes method via the limma package in R. In addition, a comparison of the subgroup of women who used psychiatric medications during pregnancy and controls was also performed, as well as a sensitivity analysis for effect of medication via two separate analyses by comparing the expression between those in the depression group and those in the anxiety group who were and were not taking psychiatric medications perinatally. The potential effect of SSRIs was also evaluated by comparing gene expression in placentae from infants of mothers taking exclusively an SSRI with gene expression in control placentae. All models included maternal age, infant sex, maternal education as a marker of socioeconomic status, maternal prepregnancy BMI, and smoking 3 months before pregnancy as a measure of smoking during early pregnancy. Multiple testing was accounted for with both a Bonferroni adjustment and the Benjamini-Hochbergbased false discovery rate.
NNNS Summary Score Selection and Association of Depression/ Anxiety and Gene Expression to Birth weight and Neurodevelopmental Outcomes
Linear models were used to evaluate the relationships between NNNS summary scores and depression/anxiety diagnosis in the cohort with mothers with both diagnoses compared to controls. Results were corrected for multiple testing using a Bonferroni correction. For those scores significantly associated with diagnosis, the relationship between NNNS score and gene expression for the genes significant in any of the above comparisons were similarly evaluated with linear models. All linear models included variables Articles | Litzky et al.
previously found to be associated with NNNS scores: maternal education, maternal race/ethnicity, maternal BMI, infant gestational age, infant sex, and delivery method (cesarean section or vaginal).
The relationship between birth weight and depression/anxiety, medication use, and SSRI use was also evaluated using a linear model, including maternal age, maternal BMI, and infant gestational age. The relationship between head circumference and depression/ anxiety, medication use, and SSRI use was similarly evaluated using a linear model including maternal BMI, maternal education, infant gestational age, and mode of delivery.
Sensitivity Analysis
To ensure that these results were not due to differences in the proportion of SGA and LGA infants between case and control groups, analyses were repeated with size for gestational age (SGA, LGA, and AGA) included in the model.
Results
Demographics
Mothers in the cohort were, on average, 30.0 years old (SD 5.5), with an average BMI of 26.8 kg/m 2 (SD 6.9) ( Table 1) . The majority had a junior college degree or higher level of education (60.3%), and most were married (66.0%). Smoking before pregnancy was reported by 16.5% of mothers and all but one received prenatal care visits. Infants were born, on average, at 39.3 (SD = 1.0) gestational weeks, with an average birth weight of 3543.2 g (SD = 660.8) and an average birth weight percentile of 57.7 (SD = 33.4). There were fewer female infants than male infants (47.7%).
Rates of depression and anxiety in the cohort were similar to those reported in the larger US population. Within the final cohort, 15.3% had prenatal depression, 15.2% had prenatal anxiety/OCD/panic, with an overall 21.2% having some form of psychiatric disorder during pregnancy. Recent estimates indicate that up to 23% of women in the United States may have minor or major prenatal depression (10) . Data on the prevalence of anxiety are less available due to varying definitions of anxiety, but estimates range from 15% to as high as 78% with low to moderate anxiety during pregnancy (3, 4) .
Mothers in the depression/anxiety group had significantly higher BMIs than controls and were significantly more likely to have less than an 11th grade education level. In addition, they were significantly more likely to have a higher gravida and to have smoked before pregnancy. Infants born to mothers with depression/anxiety had statistically significantly shorter gestational ages, although the difference was only that of several days. No other significant differences between the groups on demographic, obstetric, or other medical history were identified. Of note, there were no differences in prenatal care or number of prenatal visits between the depression/ anxiety and control groups. There were no differences in any of the variables examined between mothers with a diagnosis who were taking medications and mothers not taking medications (data not shown).
Relationship Between Depression/Anxiety Status and Imprinted Gene Expression
Out of 108 known or putative imprinted genes compared between mothers with depression/anxiety and controls, 11 Stressors and placental imprinted genes | Articles were found to be differentially expressed at a Bonferroniadjusted significance level (α = 0.05/108 = 0.0046), with an additional 10 significant at a less-stringent 5% false discovery rate correction (Supplementary Table S1 online). For 16 (76.2%) of these genes, expression was decreased in the depression/anxiety group (Figure 2a) . To determine if the effect was related to just depression or just anxiety, we repeated the analysis using the depression group and the anxiety group. For the depression group placentae, two genes were significantly differently expressed in comparison with control placentae at a Bonferroni correction, with three additional genes significantly differently expressed using a false discovery rate cutoff (Supplementary Table S2 online).
The three genes with decreased expression associated with depression-PLAGL1, DLK1, and NDN-were also among the top four genes with the largest change in expression identified in the analysis of the anxiety/depression group, although the magnitude of the expression change was smaller Articles | Litzky et al.
for the depression group. There were no statistically significant differences in gene expression between mothers with anxiety and controls (data not shown).
To strengthen our classification of mothers with depression and/or anxiety, we repeated the analysis with a narrowed case group that included only mothers who reported taking a psychiatric medication during pregnancy (Supplementary Table S3 online). Gene expression for significantly differentially expressed genes was still mostly decreased in case placentae (75.0% of genes with significant differences, Figure 2b ). The majority of the genes that were significant in association with both depression and anxiety were still significant for the medication analysis (Figure 3) , and the direction of expression change for genes that were significant for both comparisons remained consistent for all genes. The seven genes with the greatest decreases in expression-MEG3, PLAGL1, DLK1, NDN, CYR61, IGF2, and AXL-were the same in association with both diagnoses and with depression. The decrease in expression for each of these genes was greater in association with taking medication than in association with having both anxiety and depression (Supplementary Figure  S1 online). The gene with the greatest increase in expression, HLA-DPB2, was also the same for both comparisons, with a larger increase in expression associated with medication than with having both anxiety and depression. Three genes-DLK1, NDN, and PLAGL1-were significantly differently expressed in all three comparisons: depression/ anxiety vs. control, medication vs. control, and depression vs. control. These were also among the top four genes with the greatest decrease in expression in the case groups (both depression/anxiety, depression, and medication) compared with controls in all three comparisons.
To ensure that the observed results were not due to an effect of medication, we preformed two analyses by comparing imprinted gene expression between mothers taking medication and mothers not taking medication among (1) those with depression and (2) those with anxiety. No statistically significant differences between the groups were observed (Supplementary Tables S4 and S5 online). To explore the potential effect of SSRIs specifically, we repeated the analysis by comparing the expression in placentae from mothers taking only an SSRI medication to control mothers. All of the genes significantly associated with medication usage were still significant when restricted to SSRIs except for WRB, with the addition of LIN28B, HMNG1, and ZNF331 (Supplementary Table S6 online). The 10 genes with the greatest decrease in expression for the medication group-DLK1, PLAGL1, MEG3, NDN, IGF2, CYR61, AXL, NNAT, H19, and HYMAI-were also the 10 genes with the greatest decrease in expression for the SSRI group, but all genes had a greater decrease in . Differences in placental imprinted gene expression between (a) placentae from infants whose mothers had both depression and anxiety/ obsessive compulsive disorder (OCD)/panic during pregnancy (n = 54) and infants whose mothers had no psychiatric history before or during pregnancy (n = 458) and (b) placentae from infants whose mothers took a psychiatric medication during pregnancy (n = 29) compared with infants whose mothers had no psychiatric history before or during pregnancy (n = 458). For each gene, the log fold change for each comparison is plotted (dot) with the lower and upper confidence interval (horizontal line). The model included maternal age (years), maternal prepregnancy body mass index, infant sex, maternal smoking in the 3 months before pregnancy, and maternal education.
expression in the SSRI-only group than the medication group in comparison with controls. Similarly, the six genes with increased expression in the case groups-HLA-DPB2, CTAG2, TFPI2, E2F7, ERLIN2, and PCNA-were the same for both comparisons, although the SSRI-associated variations were consistently stronger than the medication-associated variations in imprinted gene expression.
Depression/Anxiety and Infant Birth weight and Neurodevelopmental Outcomes
In this population, three of the NNNS summary scores were significantly associated with depression/anxiety status after Bonferroni correction: the number of stress/abstinence signs (Po0.0001, Estimate = 0.06, SE = 0.01), asymmetric reflexes (P = 0.005, Estimate = 0.73, SE = 0.21), and non-optimal reflexes (P = 0.01, Estimate = 1.12, SE = 0.33) were all increased in mothers in the depression/anxiety group. There were no significant relationships between these three scores and any of the genes identified as having significantly differential expression between any of the groups. In this cohort, we found no differences in birth weight or head circumference between infants whose mothers had depression/anxiety and whose mothers did not, nor between mothers who took psychiatric medication during pregnancy, including the subset who took only SSRIs, and controls for either birth weight or head circumference.
Sensitivity Analysis
For the comparison between those with both depression and anxiety and controls, IGR1R (P = 0.04, log fold change (log FC) = − 0.22) and SLC22A18 (P = 0.05, log FC = − 0.12) were significant after false discovery rate adjustment in the sensitivity analysis for size for gestational age, but were not in the original models. E2F7 (P = 0.05, log FC = 0.32) was not significantly differentially expressed in women taking SSRIs during pregnancy in comparison with controls. All other genes that were identified in the analyses described above were still significantly differentially expressed between cases and controls when size for gestational age was included in the models. Effect sizes between the two models differed by o5% for all comparisions, and the growth status does not appear to be a confounder.
DISCUSSION
In this study, we have identified 21 genes that are differentially expressed in the placenta based on maternal depression/anxiety status during pregnancy, indicating a role for imprinted genes in responding to maternal stressors during pregnancy. To our knowledge, this is the first study to look at the expression of the complete set of known and putative imprinted genes, rather than epigenetic regulation of these genes via methylation. In addition, this study establishes a link between previous work that found changes in methylation in placenta from mothers exposed to stressors during pregnancy with changes in imprinted gene expression (4) . Although the effect sizes appear small, imprinted genes are highly regulated and previous work in this cohort has identified similarly small changes in expression with significant effects on birth weight and neurodevelopment (18, 22) . Three of the four genes with the strongest inverse associations with depression and anxiety-PLAGL1, NDN, and DLK1-were also significantly differently expressed in association with depression. These genes may therefore be specifically related to depression as a stressor. The smaller effect change may also indicate that the combination of anxiety and depression results in a larger stressor, generating a larger effect size due to stress. There was no significant effect of anxiety alone on the imprinted gene expression, although this may be due to the wide range of levels of anxiety and the high frequency of anxiety within the pregnant population, given that as many as 75% of pregnant women may be exposed to stress during pregnancy (4). Based on this, our anxiety group may have been missing many women who did have anxiety and were instead included in the control group.
To further evaluate the robustness of our observed associations with depression and anxiety, we repeated the analysis using only those women who had taken a psychiatric medication during pregnancy. The majority of genes, including those that were most differentially expressed in the depression/anxiety group, was still significant, but with a greater difference in expression in the medicated group. However, among those with anxiety or depression, there was Venn diagram showing all genes that were significantly differentially expressed in three comparisons between case placentae and placentae from infants whose mothers had no psychiatric history during or before pregnancy. Case groups included (1) infants whose mothers had both depression and anxiety during pregnancy (n = 54, "Both anxiety and depression"), (2) infants whose mothers had either or both depression and anxiety during pregnancy and reported taking a psychiatric mediation during pregnancy (n = 29, "On psychiatric medications"), and (3) infants whose mothers had depression during pregnancy (n = 89, "Depression").
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no statistically significant difference between those who did and did not take medication during pregnancy, and thus the variations in expression are unlikely to be driven by the medications themselves. The stronger inverse associations among those taking medication are instead likely due to these women having a higher level of the depression/anxiety stressor, as they required medication during pregnancy to manage their symptoms. Greater duration of prenatal depression, and therefore greater exposure, increases the risk of developmental disorder in the offspring (3), indicating that there may be a dose-dependent relationship between gene expression and stressors. The majority of women who were taking a psychiatric medication were taking SSRIs, which have been linked to poorer infant outcomes, including lower birth weight (24) , changes in pain and stress regulation (25) , and psychiatric disorders into childhood and adolescence (26) , but also have been found to potentially mediate the effects of prenatal stressors in mouse models (27, 28) . We therefore also compared expression in mothers taking only an SSRI to controls and found that all but one of the genes previously identified as significantly associated with depression and anxiety were still significantly differentially expressed in association with perinatal SSRI use. If these changes were due to the medication, we would expect to see more drastic changes in the results when we narrowed the type of medication to only SSRIs. To verify that the effects were due to stressors and not due to medications, we compared gene expression in mothers with depression who were taking a medication with those who were not; there were no differences, suggesting that the effects we observed were not due to the medications themselves.
There were several genes that were significantly differentially expressed only in mothers who took SSRIs-LIN28B, HMNG1, and ZNF331-which provide insight into the effects of prenatal SSRI exposure. Literature regarding the epigenetic effects of SSRI on pregnancy is scarce and still inconclusive, with three studies identified by a recent meta-review finding methylation differences in cord blood of infants exposed to SSRIs during pregnancy and three studies finding no effect (29) . Since it is well established that SSRIs easily cross the placenta to the fetus (25) , determining the effect of these medications could help determine safety during pregnancy.
Of the genes with the largest decreases in expression between groups-MEG3, PLAGL1, DLK1, NDN, CYR61, IGF2, and AXL-several have been identified as being involved in neurodevelopment and growth. MEG3/DLK1, which are controlled by a shared imprinting cluster, have been found to be downregulated in intrauterine growth restriction, while MEG3 and PLAGL1 have been found to be differentially expressed in intrauterine growth restriction placentae (30) . IGF2 is a growth suppressor and expression in the chorionic villus has been shown to be associated with birth weight (16) . NDN, which we previously found to be associated with birth weight (23) , along with MEG3 and PLAGL1, were previously found to be upregulated in LGA infants compared with SGA infants, while DLK1 and IGF2 were upregulated in LGA infants compared with both SGA and AGA infants (22) . MEG3 and IGF2 have also been studied in relation to depression and stress during pregnancy. Both have been found to be differentially methylated in cord blood from infants of women who experienced depression during pregnancy (31, 32) . MEG3 has also been associated with toddler behavior scores (33) . Maternal prenatal anxiety has been associated with decreased methylation at IGF2 imprinting control regions in the cord blood (31) . Our work provides a group of genes that warrant further exploration in those with these stressors.
To evaluate whether these changes in placental imprinted gene expression were maladaptive for neurodevelopment and growth, we looked at NNNS scores, birth weight, and head circumference. Although we found differences in three NNNS summary scores, with a higher number of stress/abstinence signs, more asymmetric reflexes and more non-optimal reflexes in the infants whose mothers had depression/anxiety than those without, these scores were not associated with expression levels of any of the genes that were differentially expressed between the groups. The lack of association between neurodevelopmental outcomes and gene expression implies that these differentially expressed genes may represent a placental adaptation to protect the infant from the effects of maternal stress. This mechanism is supported by the greater differences we observed in mothers who experienced more extreme stressors, as indicated by our finding that mothers who required medication during pregnancy, a potentially more extreme phenotype, had greater decreases in expression for many of the significant genes than did mothers with depression and anxiety. These more extreme changes may represent a more extreme buffer established by the placenta to protect the infant from the effects of maternal stressors.
In addition, although maternal stressors are known to have a negative impact on infant growth (34), we saw no differences in birth weight or head circumference in those infants born to mothers with prenatal stressors, indicating that, despite the maternal stress in this cohort, infant growth was not apparently affected. The Rhode Island Children's Health Study cohort, however, consists of healthy, full-term infants from a population with higher socioeconomic status than is found in many cohorts used to study prenatal stress. Much of the previous work on NNNS scores and prenatal stress, outside this cohort, has focused on women experiencing severe stressors such as drug use and treatment (35, 36) . Therefore, mothers in the Rhode Island Children's Health Study population may not be exposed to sufficient stressors to see identifiable changes in infant outcomes. Instead, imprinted genes may be allowing the placenta to adapt to provide for protected infant growth and development within a normative range of stress. Future work in a population with more severe stressors is needed to clarify the point at which these placental adaptations are no longer sufficient to protect the infants from maternal stress.
Since we did not screen each participant for depression and anxiety as part of this study, but rather relied on medical chart review for diagnosis, there is a potential for misclassification. If this were the case, however, we would expect these misclassifications to weaken the difference between controls and cases and bias our results to null, which would decrease our ability to identify any true differences in expression between cases and controls. Since we were able to identify significant differences, despite this risk of misclassification, these differences are either very strong associations or misclassification is not affecting our results. We also do not have a scale of depression and cannot compare various severities of this stressor. Despite this, we identified 21 genes with differential expression between those with psychiatric stressors during pregnancy and controls, indicating that the mechanism behind placental response to stress may be similar despite the psychiatric diagnosis or severity. Because our groups are highly similar for most demographic variables, we were able to focus on the stress that is just generated by maternal depression and anxiety.
Overall, we have identified differences in imprinted gene expression in placentae from mothers with prenatal depression and anxiety, which provide a potential mechanism for attenuating the effects of maternal stressors during pregnancy. Changes in these genes may be an adaptive response of the placenta to help protect the infant from maternal stressors and thus buffer the stressors' effects on newborn phenotypic outcomes. These genes may also be future targets for pharmacological and behavioral interventions. Some psychiatric medications have been found to affect epigenetics and expression of the genes that regulate epigenetic imprints (37-39); better understanding of such genes could one day allow appropriate treatment to attenuate the effects of maternal depression and anxiety during pregnancy, improving longterm health of these infants and potentially interrupting transgenerational transmission of these diseases.
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